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Immune systemBlueﬁn tunas are one of themost important ﬁshery resources worldwide. Because of highmarket values, blueﬁn
tuna farming has been rapidly growing during recent years. At present, themost common form of the tuna farm-
ing is based on the stocking of wild-caught ﬁsh. Therefore, concerns have been raised about the negative impact
of the tuna farming on wild stocks. Recently, the Paciﬁc blueﬁn tuna (PBT), Thunnus orientalis, has succeeded in
completing the reproduction cycle under aquaculture conditions, but production bottlenecks remain to be solved
because of very little biological information on blueﬁn tunas. Functional genomics approaches promise to rapidly
increase our knowledgeonbiological processes in the blueﬁn tuna. Here,we describe thedevelopment of theﬁrst
44K PBT oligonucleotide microarray (oligo-array), based on whole-genome shotgun (WGS) sequencing and
large-scale expressed sequence tags (ESTs) data. In addition, we also introduce an initial 44K PBT oligo-array
experiment using in vitro grown peripheral blood leukocytes (PBLs) stimulated with immunostimulants such
as lipopolysaccharide (LPS: a cell wall component of Gram-negative bacteria) or polyinosinic:polycytidylic acid
(poly I:C: a synthetic mimic of viral infection). This pilot 44K PBT oligo-array analysis successfully addressed dis-
tinct immune processes between LPS- and poly I:C- stimulated PBLs. Thus, we expect that this oligo-array will
provide an excellent opportunity to analyze global gene expression proﬁles for a better understanding of diseases
and stress, as well as for reproduction, development and inﬂuence of nutrition on tuna aquaculture production.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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Blueﬁn tunas (family Scombridae), such as Paciﬁc blueﬁn tuna (PBT)
Thunnus orientalis, Atlantic blueﬁn tuna (ABT) Thunnus thynnus, and
southern blueﬁn tuna (SBT) Thunnus maccoyii, are highly migratory,
large-bodied and top pelagic predators species that represent one of
the most important ﬁshery resources that yield high market values
across the world (Collette et al., 2011). Although, over 90% of the de-
mand for blueﬁn tuna comes from Japan, the demand for high-quality
tuna of the sushi and sashimi grade is increasing all over the world
with rising global demand for healthy seafood (Ottolenghi, 2008). To
correspond to the increased demand, blueﬁn tuna farming is rapidly
growing worldwide in recent years (Ottolenghi, 2008). However, at
present, the most common form of tuna farming is based on capturing
wild ﬁsh (Ottolenghi, 2008; Sawada et al., 2005). Therefore, concerns
have been raised about the negative impact of tuna farming on wild
stocks. In this situation, instead of the capture-based aquaculture, the de-
velopment of technologies for bloodstock management and large-scale
artiﬁcial production of juveniles (larviculture) are essential to their aqua-
culture (Masuma et al., 2011; Ottolenghi, 2008; Sawada et al., 2005).the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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stock management and larviculture of PBT, and has achieved develop-
ment of technologies for producing tens of thousands of hatchery-
raised PBT juveniles (Masuma et al., 2011). Furthermore, in 2002, PBT
has succeeded in completing the reproduction cycle under aquaculture
conditions at Kinki University in Japan (Sawada et al., 2005). Although
the technologies of PBT aquaculture has been improving until now, pro-
duction bottlenecks remain to be solved, including difﬁculties in stable
maturation and spawning in captivity, and in seeding production espe-
cially during the ﬁrst 10 days post hatch (Sawada et al., 2005). To over-
come these difﬁculties, further accumulation of their biological
information such as their reproduction, development during early life
stages, inﬂuence of nutrition, stress response and immune system
against infectious diseases is required.
A compilation of genomic information on the PBT and the devel-
opment of high-throughput functional and analytical methods
promise to rapidly increase our knowledge on the biological process-
es of PBT to overcome many of the problems that PBT aquaculture
currently faces. Recently, our research group has reported whole-
genome shotgun (WGS) sequencing of the PBT (Nakamura et al.,
2013). Here, based on the WGS sequencing and large-scale
expressed sequence tags (ESTs) data, we developed a 44K blueﬁnFig. 1. Schematic of the design process of the PBT oligo-array. The PBT oligo-array based on the
neously fused genes in the 26,433a genes predicted by AUGUSTUS in the previous study (Naka
consequently a total of 27,332c sequenceswere identiﬁed as unique genes. Secondly, a newly ge
A total of 30,602b genes were predicted and then chose 4127 sequenceswhichwere supported
The 4127 sequenceswere also evaluated by the zebraﬁsh RefSeq data, andﬁnally 4,202d non-fu
a large-scale EST project (Nakamura et al., 2013), BLAST searches were performed against the
chose 9,734e cDNA contigs,whichwere not overlappedwith the already-predicted tuna genes (i
of 41,281 (=27,332c + 4,202d + 9,734e + 13 mitochondrial) sequences was identiﬁed as PBT
oligo-array probe design, and consequently a total of 40,813 oligo probes (60-mer) were succetuna oligonucleotide microarray (oligo-array). In addition, to evalu-
ate the oligo-array value, we conducted an initial oligo-array exper-
iment using in vitro grown peripheral blood leukocytes (PBLs)
stimulated with lipopolysaccharide (LPS: a cell wall component of
Gram-negative bacteria) or polyinosinic:polycytidylic acid (poly
I:C: a synthetic mimic of viral infection). This is, to our knowledge,
the ﬁrst report demonstrating the development of a genome-wide
platform for global transcriptome proﬁling in blueﬁn tuna species.
2. Materials and methods
2.1. The PBT oligo-array probe design
A schematic representation of the complete probe design process is
given in Fig. 1. We checked 26,433 genes of the PBT predicted by
AUGUSTUS (Stanke et al., 2008) in the previous study (Nakamura
et al., 2013). Among those, by reference to the NCBI RefSeq protein
data (Pruitt et al., 2007) of zebraﬁsh, erroneously fused genes were
corrected and a total of 27,332 gene sequences were prepared. To use
as many gene candidates as possible for the oligo-array, again we con-
ducted gene prediction on the genome of PBT under another condition
of AUGUSTUS, in which the hints from ﬁve teleost protein sequencesWGS assembly (gray box) and large-scale EST data sets (black box). Firstly, possible erro-
mura et al., 2013) was corrected by reference to the RefSeq protein data of zebraﬁsh, and
ne prediction on the genome of PBTunder another condition of AUGUSTUSwas conducted.
by cDNA hints in AUGUSTUS but not overlappedwith the already-predicted 27,332c genes.
sed gene sequenceswere obtained.Moreover, using 180,512 cDNA contigs assembled from
57,035 (=26,433a + 30,602b) tuna genes and the Ensembl ﬁve teleost database. We then
dentities ≤95%) butmatched to the Ensembl database. Finally,merging these results, a total
non-redundant reference sequences. The 41,281 unique sequences were used for the PBT
ssfully designed.
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database (Release 61) (Hubbard et al., 2002) were ignored. We predict-
ed a total of 30,602 genes by this procedure, and then chose 4127 se-
quences which were supported by complementary DNA (cDNA) hints
in AUGUSTUS but did not overlap with the already-predicted 27,332
genes. The 4127 sequences were also evaluated by the zebraﬁsh RefSeq
data, and ﬁnally 4202 non-fused gene sequences were obtained. Fur-
thermore, using 180,512 cDNA contigs assembled in the previous
study (Nakamura et al., 2013), BLAST searches (Altschul et al., 1990)
were performed against the 57,035 (=26,433 + 30,602) tuna genes
and for the ﬁve other teleosts from the Ensembl database. Then, we
chose 9734 cDNA contigs, which were not overlapped with the
already-predicted tuna genes (identities ≤95%) but matched to the
Ensembl database. Finally, merging these results, a total of 41,281 (=
27,332 + 4202+ 9734 + 13 mitochondrial) sequences were prepared
for microarray design. A non-overlapping 60-mer probe was designed
for each unique sequence using the eArray (https://earray.chem.
agilent.com/earray/), the Agilent online array design program. A total
of 40,813 oligonucleotide (60-mer) probes were successfully designed.
The designed 60-mer probes were synthesized in situ with a 4 × 44K
format (Agilent Technologies, Santa Clara, CA).2.2. Annotation of the PBT oligo-array probes
The 40,813 unique nucleotide (nt) sequences corresponding to the
60-mer oligo-array probe set were annotated using BLASTX (Altschul
et al., 1990) comparisons with the NCBI non-redundant (nr) vertebrate
protein database and the UniProtKB/Swiss-Prot database (Boutet et al.,
2007). The best BLAST match (E value threshold of 1E− 4) was used
to identify the unique nt sequences. The unique nt sequences that did
not meet this threshold were annotated as “unknown.” Functional an-
notation was carried out using FastAnnotator (Chen et al., 2012), a
web-based service, which can assign Gene Ontology (GO) terms utiliz-
ing Blast2GO (Gotz et al., 2008), Enzyme Commission numbers (EC
numbers) utilizing PRIAM (Claudel-Renard et al., 2003) and functional
domains based on RPS-BLAST (Marchler-Bauer et al., 2002) to the
Pfam protein families database (Punta et al., 2012). The unique nt
sequences also mapped to the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) pathways using KEGG Automatic Annotation Server
(KAAS) (Moriya et al., 2007).2.3. Preparation of total RNA for a pilot microarray experiment using
in vitro grown PBLs stimulated with LPS and poly I:C
Isolation of PBLs from the PBT and the in vitro PBLs culture with
stimulation by LPS and poly I:C were performed as previously described
(Fujiwara et al., 2007). Brieﬂy, PBLs were obtained from three healthy
adult PBT (N = 3) and isolated by stirring method (Fujiwara et al.,
2001). The isolated leucocytes-rich fraction (1 × 107 cells/ml) was re-
suspended in 1 ml of L-15 medium (Gibco, Grand Island, NY) supple-
mented with 10% fetal bovine serum (Flow Laboratories, Rockville,
MD) and antibiotic–antimycotic solution (Gibco) and was treated with
a ﬁnal concentration of 100 μg/ml LPS (Escherichia coli serotype
055:B5, Sigma-Aldrich, St. Louis, MO) or 20 μg/ml poly I:C (GE
Healthcare, Piscataway, NJ). Non-stimulated PBLswere included as con-
trols. Non- or stimulated PBLs were cultured at 24 °C and taken at 3 or
6 hours (h) post-stimulation. These PBL samples were stored in RNA
later (Ambion, Inc., Austin, TX) at−20 °C until RNA extraction. Total
RNA was extracted from PBLs using RNeasy Plus Universal Mini Kit by
themanufacturers' instructions (Qiagen, Inc., Valencia, CA). The isolated
total RNA samples were treated with 2 units of TURBO DNase from the
TURBODNase-free Kit (Life Technologies, Carlsbad, CA, USA) at 37 °C for
30 min as recommended by the manufacturers' instructions. These
DNase treated total RNA samples were stored at−80 °C until use.2.4. Oligo-array hybridization and analysis
Oligo-array experiments were carried out on an Agilent One-Color
platform following the ‘One-Color Microarray-Based Gene Expression
Analysis’ protocol version 6.5 (Agilent Technologies). Brieﬂy, each total
RNA sample (200 ng) was ampliﬁed and labeled with cyanine 3 (Cy3)
using a Low Input Quick Amp labeling kit together with One-Color
RNA Spike-in Kit (Agilent Technologies). The ampliﬁed and Cy3-labeled
cRNAwas puriﬁed using the RNeasyMini Kit (Qiagen) and then quanti-
tated on a NanoDrop-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). The Cy3-labeled cRNA (1.65 μg) was hybridized
on the 4 × 44K PBT oligo-array for 17 h at 65 °C, and then the oligo-
array was washed in Wash Buffer 1 (Agilent Technologies) for 1 min
at room temperature and in Wash Buffer 2 (Agilent Technologies) for
1 min at 37 °C. The oligo-array slides were scanned immediately using
the Agilent DNA Microarray Scanner with Surescan High-Resolution
Technology (Agilent Technologies) and features were extracted from
scanned images using the Feature Extraction software version 10.7.3.1
(Agilent Technologies). The data were analyzed using GeneSpring
version 12.6 (Agilent Technologies). Normalization of the expression
data was performed by median shift normalization to 75th percentile.
The expression data with signiﬁcance of differences between the
immunostimulants (LPS or poly I:C)-stimulated and non-treated (con-
trol) PBL samples during the time course (3 h. and 6 h.) was determined
using a one-way analysis of variance (ANOVA) followed by a Tukey-HSD
post hoc testwith P values cut off by 0.05, and thenprobeswith a change
of 2.0-fold or greater in at least one samplewere considered differential-
ly regulated. The LPS or poly I:C stimulation-speciﬁc, and the degree of
overlap between both stimulations in the differentially regulated puta-
tive transcripts was evaluated using VENNY (Oliveros, 2007).
3. Results and discussion
3.1. Development of a PBT 44k oligo-array
Previously, 26,433 protein-coding gene candidates have been predict-
ed on the PBT draft genome sequence (Nakamura et al., 2013). In the cur-
rent study, 899 possible erroneously fused genes in the 26,433 predicted
genes (3.4%) were corrected, and consequently a total of 27,332 se-
quences were identiﬁed as unique genes (Fig. 1). Furthermore, for the
purpose of providing a more complete collection of PBT non-redundant
reference sequences, we conducted another condition of gene prediction
on the draft genome and searched non-overlap sequences with the
already-predicted genes in 180,512 cDNA contigs assembled in the previ-
ous study (Nakamura et al., 2013). As a result, 4202 and 9734 newly
unique sequenceswere obtained from the newly conducted gene predic-
tion and from the cDNAdata set, respectively (Fig. 1). Finally, after adding
13mitochondrial genes sequences, a total of 41,281 geneswere identiﬁed
as the PBT non-redundant reference sequences.
The 41,281 PBT non-redundant reference sequences were used for
the PBT oligo-array probe design, and a total of 40,813 oligo probes
(60-mer) were successfully designed. It should be noted that the re-
maining 468 sequences could not be designed due to repeat or short
(less than 60 bp) sequences. Based on the designed 40,813 oligo probes,
the ﬁrst version of the 44K PBT oligo array has been developed (custom
design ID: 03571; Agilent). A FASTA-formatted ﬁle containing the
40,813 PBT non-redundant reference sequences corresponding to the
60-mer oligo-array probe set is available as Supplementary File 1.
The annotation for each gene helps us to better understand their bi-
ological function and role (Tan et al., 2012). The richness of the function-
al annotations for the PBT non-redundant reference sequences is
important for the interpretation of the biological processes underlying
the gene expression proﬁles. A summary of the annotation of the PBT
non-redundant reference sequences corresponding to the 40,813
oligo-array probe is shown in Table 1. Of the 40,813 sequences, 36,179
(88.6%) and 31,154 (76.3%) sequences matched at least one entry in
Fig. 2.Venn diagram showing the number of (A) up- or (B) down-regulated putative tran-
scripts (n = 3, p b 0.05 with 2-fold cut-off) that represent either LPS or poly I:C stimula-
tion-speciﬁcity, and the degree of overlap between both stimulations.
Table 1
Annotation of the PBT non-redundant reference sequences corresponding to the 40,813
probes.
Database
Number
of probes
Percentage of
annotated probes
NCBI non-redundant (nr)
data base (Vertebrate)a
36,179 88.6%
UniProtKB/Swiss-Prota 31,154 76.3%
Gene ontrogy (GO) 26,416 64.7%
Biological process 23,198 56.8%
Cellular component 22,349 54.8%
Molecular function 23,182 56.8%
Pfam domain database 22,652 55.5%
Enzyme 2671 6.5%
At least one functional annotation 29,166 71.5%
KEGG pathway 14,378 35.2%
a BLASTX hit of less than 1E− 4.
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old of 1 E− 4), respectively. On the other hand, more than 70% of the
sequences (29,166 sequences) could be mapped to at least one func-
tional annotation. There were 26,416 sequences found mapping to at
least one GO term (Biological process: 23,198 sequences, Cellular com-
ponent: 22,349 sequences and Molecular function: 23,182 sequences).
In addition, 14,378 sequences could be mapped to KEGG pathways,
while the 2,671 sequences were identiﬁed to have at least one enzyme
hit. The conserved domain search showed that 22,652 sequences were
identiﬁed to have at least one domain with domain coverage more
than 50% of the sequence length. Thus, a high percentage of the probes
with functional annotations from this analysis allow the interpretation
of the PBT expression proﬁles deeply.
To date, only a large-scale functional genomics study of PBT has been
reported about thermal acclimation in three types ofmuscle tissues using
heterologous hybridization to a cDNA microarray based on 9206 ESTs
from the long jaw mudsucker, Gillichthys mirabilis (family Gobiidae)
(Castilho et al., 2009). Recently, an ABT oligo-array based on 7068 ESTs
from selected tissues, the liver, ovary and testis (Chini et al., 2008), has
been developed and utilized to compare the transcriptomes of the ovaries
and testes of mature ABT (Gardner et al., 2012). By contrast, the 44K PBT
oligo-array developed in this study allows the study of genome-wide
gene expression proﬁles of PBT, and therefore can be applied to various
different areas of research to better understand their biology.
Recently, RNA-Seq that uses deep-sequencing technologies has be-
come increasingly adopted as the technology of choice for tran-
scriptome proﬁling. RNA-Seq allows higher resolution of differentially
expressed genes compared to microarray technology and can detect
novel transcripts and splice variants (Zhao et al., 2014; Wang et al.,
2009; Sultan et al., 2008). RNA-Seq can also be applied to non-model
organisms with no genomic resources (Wang et al., 2009). As of today,
microarray technology, however, has several practical advantages com-
pared with RNA-Seq including relatively low cost, well-established ex-
perimental designs, and sample processing and data analysis pipelines
(Mantione et al., 2014; Malone and Oliver, 2011; Baginsky et al.,
2010). Therefore, if a well-annotated genome is available, microarray
technology is still a preferable choice for projects that involve large
numbers of samples for transcriptome proﬁling (Baginsky et al.,
2010). Since the PBT genome has been annotated in previous study
(Nakamura et al., 2013) and present study (Fig. 1 and Table 1), we
therefore expect that the PBT 44K oligo-array is a valuable new tool
for large-scale transcriptome studies in the PBT research community.
3.2. A microarray experiment using in vitro grown PBLs stimulated with
immunostimulants
Aquaculture of the PBT has faced twomajor viral disease challenges,
viral nervous necrosis (VNN) at the larvae stage, mostly within 10 days
after hatching (Sugaya et al., 2009); and Red Sea bream iridoviraldisease (RSIVD), at less than 1 year of age (Masuma et al., 2011;
Munday et al., 2003). Recently, it has also become recognized that
blood ﬂuke infection is an important parasitic infection of PBT aquacul-
ture that can cause signiﬁcant mortality especially in juvenile PBT
(Ogawa et al., 2011; Ogawa et al., 2010; Shirakashi et al., 2012;
Sugihara et al., 2014). Therefore, our understanding of the host defense
mechanisms of the PBT would be important for developing effective
control methods against infectious diseases in their aquaculture. How-
ever, to date, there are few studies on the immune system of the PBT.
As a ﬁrst step toward understanding the PBT immune system at the
molecular level, we analyzed global gene expression proﬁles of in vitro
grown PBLs stimulated with LPS and poly I:C using the PBT oligo-array.
LPS, the major outer membrane component of Gram-negative bacteria,
is often used as a substitute for a Gram-negative bacterial infection
(Kurobe et al., 2005). On the other hand, poly I:C, a synthetic double-
stranded RNA, is a known inducer of type I interferon that elicits an im-
mune response similar to that elicited by a virus infection (Yasuike et al.,
2007). Although expression proﬁles of several immune-related genes in
the PBT have been reported (Kadowaki et al., 2009;Mladineo and Block,
2010; Polinski et al., 2014), the present study assessed a 40,813 probe
set to monitor the expression patterns simultaneously under immune
response to different stimuli in the PBLs and to explore immune-
relevant genes of PBT.
The oligo-array analysis showed that LPS and poly I:C stimulation
signiﬁcantly affected 178 and 1601 probe sets, respectively (p ≤ 0.05).
Of these affected probe sets, only 24 (14 up- and 10 down-regulated)
probe sets were found to be commonly regulated by both LPS and
poly I:C stimulations. Thus the expression of the majority of the probe
Table 2
The top 30 highly expressed putative transcripts in the PBLs stimulated by LPS.
Probe ID Accession hit Putative gene product [Species] 3 h 6 h
Ba00005243_g20089 NP_001134483 Ecto-ADP-ribosyltransferase 5 [Salmo salar] 255.95 67.11
Ba00001475_g10713 ABB90401 Interleukin-6 [Paralichthys olivaceus] 87.44 10.50
Ba00000710_g6706 NP_001119928 Immune-responsive gene 1 [Danio rerio] 83.72 8.38
Ba00000453_g4834 ADC93707 Peptidoglycan recognition protein L1 [Sebastes schlegelii] 41.62 29.78
Ba00000773_g7137 BAH56611 Granulocyte colony-stimulating factor 1 [Sebastes schlegelii] 58.63 8.52
Ba00002318_g13894 ACQ99510 Interleukin-1β [Latris lineata] 56.72 9.78
Ba00000781_g7178 ACK57558 Interleukin-8 [Lateolabrax japonicus] 59.86 5.34
Ba00001441_g10576 XP_004540350 Interleukin-27 subunit β [Maylandia zebra] 47.32 4.92
Ba00000177_g2440 XP_004553798 Toll-like receptor 1 [Maylandia zebra] 41.11 9.51
Ba00000255_g3237 ADC35580 Cytochrome P450 1A [Lateolabrax japonicus] 31.21 10.71
Ba00000750_g6997 NP_001027753 Adrenomedullin-1 [Takifugu rubripes] 29.23 11.13
Ba00000608_g6038 BAG72142 Tumor necrosis factor-α2 [Thunnus orientalis] 33.36 6.81
Ba00000710_g6705 XP_007547215 BTB/POZ domain-containing protein KCTD12 [Poecilia formosa] 34.14 5.97
Ba00000682_g6543 ACD13023 Hepcidin-1 [Micropterus salmoides] 29.90 7.07
Ba00000318_g3756 BAH23446 Growth differentiation factor 15 [Paralichthys olivaceus] 20.07 7.80
Ba00001411_g10415 NP_001122013 Hypothetical protein LOC567472 [Danio rerio] 19.99 5.55
Ba00000602_g5993.p2.250–723 ADE05545 Serum amyloid A [Lates calcarifer] 6.43 18.77
Ba00015828_g26709 XP_005812602 Haptoglobin [Xiphophorus maculatus] 9.47 9.61
Ba00001651_g11456 ABA86668 CXC chemokine d1 [Oncorhynchus mykiss] 12.33 4.08
Ba00002315_g13885 XP_003200080 L-amino-acid oxidase [Danio rerio] 12.27 3.21
Ba00000121_g1757 ACQ58111 Sorting nexin-10 [Anoplopoma ﬁmbria] 10.42 4.62
Ba00001988_g12760 NP_001135267 Lipolysis-stimulated lipoprotein receptor [Salmo salar] 9.35 4.09
isotigB59104_c AEH76584 Pentraxin [Epinephelus bruneus] 6.94 5.37
isotigB39050_n ACO88905 Hepcidin [Siniperca chuatsi] 5.11 5.27
Ba00000781_g7179 ACK57558 Interleukin-8 [Lateolabrax japonicus] 5.11 4.65
Ba00005911_g20927 ABF22371 cAMP responsive element binding protein 5 [Takifugu rubripes] 4.96 4.63
Ba00003243_g16461 XP_007565800 Solute carrier family 2, facilitated glucose transporter member 6 [Poecilia formosa] 6.55 2.38
Ba00001001_g8459.p2.400–3048 CBN81776 Ankyrin repeat and SAM domain-containing protein 6 [Dicentrarchus labrax] 4.03 4.54
Ba00007607_g22686 XP_004083588 Acid sphingomyelinase-like phosphodiesterase 3a [Oryzias latipes] 4.11 3.93
Ba00006469_g21568 BAG50577 Interferon γ [Paralichthys olivaceus] 3.89 3.34
Values indicate fold change of expression of putative transcripts in the PBLs at 3 and 6 h post-stimulation with LPS when compared with non-stimulated controls (n= 3, p b 0.05 with 2-
fold cut-off). Bold characters indicate putative transcripts that were speciﬁcally induced by LPS (i.e., putative transcripts that were not induced by poly I:C).
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speciﬁcity in PBLs (Fig. 2). LPS stimulation speciﬁcally affected 149
probe sets (55 up- and 94 down-regulated), while poly I:C stimulationTable 3
The top 30 highly expressed putative transcripts in the PBLs stimulated by poly I:C.
Probe ID Accession hit Putative gene produ
Ba00000849_g7588 XP_003452668 E3 ubiquitin-protei
Ba00002315_g13885 XP_003200080 L-amino-acid oxidas
isotigB156839_n XP_005161678 Uncharacterized pr
Ba00001798_g12065 ACQ57871 Interferon-induced
Ba00009114_g23864 ADX07527 MxA protein [Dicen
BaME00011556_g28881 XP_688463 E3 ubiquitin-protei
Ba00001798_g12066 BAG72218 Interferon-stimula
Ba00012853_g25802 XP_007542160 Interferon-induced
Ba00000439_g4734 XP_003199605 Hypothetical prote
Ba00000532_g5438 ABI95148 Suppressor of cytok
Ba00001411_g10415 NP_001122013 Hypothetical protein
Ba00002247_g13659 XP_004067245 Neuritin-like prote
Ba00000539_g5504 ACO09391 Uncharacterized pr
isotigB02179_n XP_005742087 GTPase IMAP famil
Ba00001013_g8529 XP_004568153 Nuclear receptor co
Ba00001267_g9810 XP_684086 Interferon-induced
Ba00015132_g26528 CBN81093 Mx protein [Dicentr
Ba00002534_g14566 CBN81356 Interferon regulator
Ba00013653_g26084 ACF75867 Mx2 protein [Opleg
Ba00008808_g23639 XP_004071188 Uncharacterized pr
isotigB02170_n XP_005742087 GTPase IMAP famil
Ba00002758_g15205 NP_956112 Rho-related GTP-bi
Ba00006796_g21895 BAB86883 CC chemokine [Par
Ba00000131_g1921 XP_003447849 Delta-like protein 4
Ba00000007_g157 NP_956643 Solute carrier famil
isotigB02167_n XP_005742087 GTPase IMAP famil
Ba00008746_g23603 XP_699803 Matrix metalloprot
isotigB02166_n CAF95840 GTPase IMAP famil
Ba00008808_g23640 AEA39727 Interferon-inducib
Ba00005911_g20927 XP_002661970 cAMP responsive ele
Values indicate fold change of expression of putative transcripts in the PBLs at 3 and 6 h post-sti
2-fold cut-off). Bold characters indicate putative transcripts that were speciﬁcally induced by pspeciﬁcally affected 1577 probe sets (1,067 up- and 510 down-
regulated) (Fig. 2). The highly induced putative transcripts (top 30)
were listed in Table 2 (LPS) and Table 3 (poly I:C).ct [Species] 3 h 6 h
n ligase NEURL3 [Oreochromis niloticus] 129.55 83.88
e [Danio rerio] 50.55 30.27
otein LOC101884910 [Danio rerio] 2.56 78.05
17 kDa protein [Anoplopoma ﬁmbria] 36.87 34.19
trarchus labrax] 7.68 53.85
n ligase HERC4 [Danio rerio] 20.34 37.19
ted gene 15 [Sebastes schlegelii] 31.33 25.84
protein 44 [Poecilia formosa] 8.85 42.97
in LOC100537266 [Danio rerio] 18.43 30.88
ine signaling 1 [Gasterosteus aculeatus] 19.90 18.77
LOC567472 [Danio rerio] 26.33 8.17
in [Maylandia zebra] 30.79 2.37
otein CXorf21 [Osmerus mordax] 16.08 16.77
y member 4 [Pundamilia nyererei] 18.32 13.83
activator 7 [Maylandia zebra] 10.49 21.65
very large GTPase 1 [Danio rerio] 14.79 17.01
archus labrax] 1.96 29.75
y factor 3 [Dicentrarchus labrax] 20.27 11.12
nathus fasciatus] 3.77 27.37
otein LOC101161558 [Oryzias latipes] 12.87 17.32
y member 4 [Pundamilia nyererei] 11.85 15.47
nding protein RhoQ [Danio rerio] 17.87 9.34
alichthys olivaceus] 17.01 8.29
[Oreochromis niloticus] 8.24 16.98
y 22, member 7-like [Danio rerio] 22.96 2.20
y member 4 [Pundamilia nyererei] 10.81 14.32
einase-24 [Danio rerio] 21.93 2.61
y member 4 [Pundamilia nyererei] 10.74 13.79
le protein Gig2 [Epinephelus coioides] 8.03 16.03
ment binding protein 5 [Takifugu rubripes] 14.07 9.91
mulationwith poly I:Cwhen comparedwith non-stimulated controls (n=3, p b 0.05with
oly I:C (i.e., putative transcripts that were not induced by poly LPS).
608 M. Yasuike et al. / Gene 576 (2016) 603–609Speciﬁcally, LPS highly induced a notable number of putative tran-
scripts that have functions in the inﬂammatory responses to Gram-
negative bacteria (Secombes, 2008). These include pro-inﬂammatory
cytokines (Secombes et al., 2001), such as Interleukin (IL)-1β, IL-6,
Tumor necrosis factor-α (TNF- α) 2; chemokines (Alejo and Tafalla,
2011), such as IL-8 and a CXC chemokine; and including granulocyte
colony- stimulating factor (G-CSF), which mediates the proliferation,
survival, terminal maturation, and functional activation of neutrophils
(Santos et al., 2006) (Table 2). The pro-inﬂammatory cytokines induce
acute phase proteins (APPs) that lead to a variety of defense-related ac-
tivities (Bayne and Gerwick, 2001). Several APPs were also found such
as serum amyloid A, pentraxin, hepcidins (an antimicrobial peptide)
(Nemeth et al., 2003; Shi and Camus, 2006) and growth differentiation
factor 15 (GDF15) (Tzeh Gung et al., 2009) (Table 2). In addition, two
known mediators of inﬂammatory responses in mammals, an ecto-
ADP-ribosyltransferase (Hong et al., 2007) and an IL-27 (Hunter and
Kastelein, 2012), were also highly expressed in the LPS-stimulated
PBLs (Table 2). In mammals, the toll-like receptor (TLR) 4 is the main
LPS receptor (Hoshino et al., 1999). However, most teleost ﬁshes do
not have a TLR4 ortholog (Palti, 2011) and we also could not ﬁnd any
TLR4 genes in the PBT genome. In the current study, a TLR with homol-
ogy to the teleost ﬁsh TLR1 was highly induced by LPS stimulation
(Table 2). It has been reported that the teleost ﬁsh TLR1 homolog is
up-regulated by LPS (Wang et al., 2013;Wu et al., 2008) or bacterial in-
fection (Meijer et al., 2004;Wei et al., 2011). Palti et al. suggested an im-
portant role for the ﬁsh TLR1 in anti-microbial immunity (Palti et al.,
2010). It is therefore likely that the PBT TLR1 functions as a LPS sensor
and is involved in anti-bacterial immunity. It should be noted that two
putative transcripts with homology to peptidoglycan recognition
protein-L1 (PGRP-L1) (Kim et al., 2010) and immune-responsive gene
1 (IRG1) (Hall et al., 2013) that have bactericidal activities were also
highly induced by LPS stimulation (Table 2). It also should be noted
that a transcript with homology to cytochrome P450 1A (CYP1A) has
been reported in Atlantic cod (Gadus morhua) to be up-regulated by
LPS stimulation (Holen et al., 2012) (Table 2). Overall, the PBT oligo-
array successfully identiﬁed the molecular signature of Gram-negative
bacteria infection in PBLs.
The type I interferon (IFN) system plays a critical role in innate anti-
viral immunity in mammals (Samuel, 2001) and ﬁsh (Langevin et al.,
2013a; Robertsen, 2006; Zou and Secombes, 2011). In this system, di-
rect antiviral responses are carried out by induction of hundreds of
IFN-stimulated genes (ISGs) (Langevin et al., 2013a; Sarkar and Sen,
2004; Verrier et al., 2011). The current oligo-array study shows that
poly I:C stimulation highly induced putative transcripts involved in
the type I IFN system, including regulators of the IFN signaling such as
IFN regulatory factor (IRF) 3, a positive regulator (Sun et al., 2010) and
suppressor of cytokine signaling 1 (SOCS-1), a negative regulator (Nie
et al., 2014), and including a notable number of ISGs such as ISG 15
(Langevin et al., 2013b), Mx proteins (Leong et al., 1998), IFN-induced
very large GTPase-1 (VLIG-1) (Klamp et al., 2003), IFN-induced protein
44 (IFI44) (Kitamura et al., 1994) and IFN inducible gene Gig2 (Jiang
et al., 2009) (Table 3). These putative transcripts were strongly induced
more than 10-fold at least one time point (3 h. or 6 h post poly I:C stim-
ulation) (Table 3). Thus, the current study indicates that the type I IFN
system was stimulated by poly I:C in PBLs of the PBT, and that this
oligo-array can be used to comprehensively monitor the antiviral state
in the PBLs following stimulation with poly I:C.
In summary, the PBT oligo-array successfully revealed distinct im-
mune processes between LPS- and poly I:C-stimulated PBLs. Since
there have been only a few reports for immunological research for
blueﬁn tunas, these comprehensive gene expression proﬁle data sets
could potentially contribute to a better understanding of the immune
system of blueﬁn tunas. In addition, the speciﬁcally LPS and poly I:C
stimulation-induced genes identiﬁed in this study could be candidates
for molecular biomarkers of Gram-negative bacterial (LPS) and viral
(poly I:C) infections.4. Conclusions
We developed the ﬁrst 44K oligo-array for genome-wide gene ex-
pression proﬁling in PBT. A pilot oligo-array experiment using in vitro
grown PBLs stimulated with LPS and poly I:C could monitor differences
in transcription signatures between Gram-negative bacterial (LPS) and
viral (poly I:C) infections. We therefore present the PBT 44K oligo-
array as a valuable new tool for functional genomics. Thus, we expect
that this oligo-array will provide an excellent opportunity to analyze
genome-wide gene expression proﬁles for a better understanding of
diseases and stress, as well as of reproduction, development and the in-
ﬂuence of nutrition on tuna aquaculture production in future experi-
ments. We believe these global gene expression proﬁle data sets will
contribute to the improvement of sustainability of PBT aquaculture
production.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2015.10.023.
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